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Abstract 
Understanding soil-tool interaction can enable better maneuvering of weeding tools to achieve higher 
weeding efficacy. The interaction between vertical tine of a rotating tine mechanism and soil was 
investigated using a mathematical model that estimated forces on a tine of a rotating tine mechanism 
operating at different linear and rotational velocities. The kinematics associated with linear and rotational 
velocities of a rotating tine mechanism were modelled, and the magnitude of shearing and inertial forces 
were estimated. A soil bin experiment was conducted using artificial soil with one tine to estimate the 
shear and inertial force coefficient values. Experimental conditions were the same for both the sets of 
tests. Experimental factors were longitudinal velocity at three levels (0.09 m/s, 0.29 m/s and 0.5 m/s) and 
speed ratio, the ratio of longitudinal velocity to peripheral velocity of the tines, at three levels (1, 1.5 and 
2). Horizontal draft force and torque on the tine mechanism were measured. The nonlinear least squares 
method was used to estimate model parameters from experimental data, resulting in the shear force 
coefficient ranging from 2.96 to 37.5 N and the inertial force coefficient ranging from 16.6 to 528 N-s2 
-m-2 . These variations in shear and inertial forces on the tine were due to differences soil failure patterns 
across the treatments 
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ABSTRACT. Understanding soil-tool interaction can enable better maneuvering of weeding tools to achieve higher weeding 
efficacy. The interaction between vertical tine of a rotating tine mechanism and soil was investigated using a mathematical 
model that estimated forces on a tine of a rotating tine mechanism operating at different linear and rotational velocities. The 
kinematics associated with linear and rotational velocities of a rotating tine mechanism were modelled, and the magnitude 
of shearing and inertial forces were estimated. A soil bin experiment was conducted using artificial soil with one tine to 
estimate the shear and inertial force coefficient values. Experimental conditions were the same for both the sets of tests. 
Experimental factors were longitudinal velocity at three levels (0.09 m/s, 0.29 m/s and 0.5 m/s) and speed ratio, the ratio of 
longitudinal velocity to peripheral velocity of the tines, at three levels (1, 1.5 and 2). Horizontal draft force and torque on 
the tine mechanism were measured. The nonlinear least squares method was used to estimate model parameters from 
experimental data, resulting in the shear force coefficient ranging from 2.96 to 37.5 N and the inertial force coefficient 
ranging from 16.6 to 528 N-s2-m-2.  These variations in shear and inertial forces on the tine were due to differences soil 
failure patterns across the treatments. 
Keywords. soil mechanics, tines, weeders 
Introduction 
The efficacy of mechanical weed control depends on proper operation of the weeding tools. There are multiple 
factors that can affect the control of the weeding tools. Soil type and variability of soil conditions are among the abiotic 
factors that have substantial impacts on tool movement in the soil and energy consumption by the tool’s mechanism. Soil 
properties are typically uncertain and can vary greatly within a field, including soil textural composition, soil moisture 
content and soil strength and density. Since soil-to-tool interaction is dependent on such soil properties, their high variability 
can affect the kinematic operation and performance of mechanical weeding mechanisms. Similarly, the presence of different 
species of weeds and crop plants also affect control of the tools and weeding efficacy.  Different weed species have different 
morphology and root structures, which can dictate how closely and vigorously the weeder tool should be operated to 
The authors are solely responsible for the content of this meeting presentation. The presentation does not necessarily reflect the official position of the 
American Society of Agricultural and Biological Engineers (ASABE), and its printing and distribution does not constitute an endorsement of views 
which may be expressed. Meeting presentations are not subject to the formal peer review process by ASABE editorial committees; therefore, they are 
not to be presented as refereed publications. Publish your paper in our journal after successfully completing the peer review process. See 
www.asabe.org/JournalSubmission for details. Citation of this work should state that it is from an ASABE meeting paper. EXAMPLE: Author’s Last 
Name, Initials. 2020. Title of presentation. ASABE Paper No. ---. St. Joseph, MI.: ASABE. For information about securing permission to reprint or 
reproduce a meeting presentation, please contact ASABE at www.asabe.org/copyright (2950 Niles Road, St. Joseph, MI 49085-9659 USA).1 
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negatively impact the weeds while minimizing damage to the crop plants (Merfield, 2016). 
Currently, many weeding tool designs exist for intra-row weeding such as the finger weeder, torsion weeder, brush 
weeder, cycloid hoe, disc hoe and intra-row knife weeder (Ahmad et al., 2014; Griepentrog et al.,2006; Merfield, 2016; 
Pérez-Ruiz et al., 2012). The availability of multiple designs can create questions about which one should be chosen for 
specific weeding and crop planting situations. Furthermore, each tool requires operators to learn how to adjust the tool for 
different soil conditions to achieve better weed control efficacy. Generally, limited studies have been conducted on 
automatically-controlled mechanical/physical weeding systems, so little is known about how to systematically optimize 
these systems under varying soil conditions.    
Studying the interaction between weeding tools and soil reactions to the operating tools can provide valuable insight 
into the application of the tool for intra-row mechanical weeding systems. By observing the interaction between a tool and 
soil, behaviors can be characterized for different tool settings. This understanding could also enable discovery of useful 
design guidelines and methods for optimizing the energy efficiency and control of robotic intra-row weeders.  
As a specific example, a vertically rotating tine mechanism can be used for intra-row weeding. The mechanism 
rotates about a vertical axis and consists of multiple narrow tines vertically engaged in the soil. Weeding takes place through 
tine and soil/weed contact. The effect of several parameters such as tine shape, size and quantity, tine depth, and speed on 
weeding performance can be evaluated. Kshetri et al., (2019) studied how soil depth, longitudinal and rotational speeds 
affected weeding performance of the rotating tine mechanism. However, weeding performance of the mechanism also 
depends on how easily it can be drawn through the soil. The resistive forces from the soil can impact operation of the 
mechanism and thus, influence weeding efficacy. Therefore, having prior knowledge of forces on the mechanism at different 
operating conditions may help optimize its performance for weeding. Thus, the objectives of this research were to: 
1. Explore the performance of a mathematical model in estimating soil reaction forces acting on the rotating tine 
mechanism, and  
2. Determine how the soil reaction forces change with operating conditions. 
Background 
The soil reaction force on a narrow tine engaged in the soil is due to summation of three types of forces: (i) the 
force required to overcome the soil shear strength, (ii) inertial forces required to accelerate soil particles, and (iii) frictional 
forces at the soil-to-tool interface. Typically, the magnitude of these soil reaction forces depends on soil properties, tine 
geometry and tine operational parameters (Godwin and Spoor, 1977; Hettiaratchi et al., 1966; Kushwaha et al., 1993; 
Mckyes, 1985). Under quasi-static states, the soil reaction force associated to soil strength is independent of tool velocity 
(Hettiaratchi et al., 1966; Upadhyaya et al., 1984; Wheeler and Godwin, 1996). For a slow-moving tine, the soil reaction 
force is primarily due to soil and tine parameters associated with shearing the soil. However, at relatively higher velocities, 
a higher force is required to also accelerate the soil particles in front of the tine. This inertial force increases the overall soil 
reaction force as the velocity of the tine is increased. Soil-to-tine frictional and adhesive forces also develop between tines 
and soil particles, but these forces are relatively small compared to soil shear strength and inertial forces.  
The soil reaction force will only act horizontally on the vertical tine of a rotating tine mechanism, in a direction 
opposite to the tine’s direction of motion. The rotating tine mechanism is simultaneously rotated and move along the crop 
row with the movement of the vehicle. The combination of these motions causes each tine to trace curved trajectories in the 
soil and thus, its direction of motion and velocity will vary along its path. Likewise, the force on the tine will also be a 
function of its instantaneous position and velocity on its path. The kinematics of the rotating tine mechanism can be used to 
develop a mathematical model for estimating the draft force and torque associated with the rotating tine mechanism at 
various travelling and rotational velocities. 
Model Development 
The model will be based on a rotating tine mechanism (Fig. 1 (a)) that was designed as a weeding tool for a robotic 
intra-row mechanical weeder at Iowa State University (Fig 1 (b); Gai et al., 2019). It was made up of a solid steel disc with 
an outside diameter of 152 mm. The disc consisted of multiple holes to mount vertical tines that engage in the soil during 
its operation. The holes were in a 127 mm diameter circular pattern near the edge of the disc (Fig. 1 (a)).  
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Figure 1. (a) Rotating tine mechanism with a horizontal disc and vertical tines and (b) the prototype of robotic intra-row mechanical weeder 
with two tine mechanisms on either side of a crop row. 
For development of the model, the rotating tine mechanism was assumed to operate at constant longitudinal and 
rotational velocities. The tine location changes as a function time, and soil reaction forces acting on the tine can be studied 
using a dotted circle (Fig. 2) representing the trajectory of the tine with respect to the center of the tine holder. The initial 
position of the tine (point A) was the right-most point when facing in the direction of travel. The location of the tine in the 
mechanism frame is based solely on the angle 𝜃𝜃 between the two line segments from the center of the circle (O) to the tine’s 
initial position (A) and to the current position on the circle (Px) (Fig. 2).   
The VL denotes longitudinal velocity of the mechanism along the positive x-axis. Assuming the tine mechanism 
rotates in the counterclockwise direction, the peripheral velocity of the tine, VP, is tangent to the circle and has a constant 
magnitude, the product of the rotational velocity and the mechanism radius. The speed ratio, λ, is the ratio of peripheral to 
longitudinal velocity (VP /VL). Geometrically, for any angular position 𝜃𝜃 of the tine, the angle between the vectors 
representing VL and VP is also 𝜃𝜃.  
The instantaneous velocity of a tine at any point on the circle will vary despite constant VL and VP. The 
instantaneous velocity of a tine at any point on its path is denoted by VR and its magnitude at any angle 𝜃𝜃 can be calculated 
as the resultant of the longitudinal and peripheral velocities using the law of cosines as shown below: 
 
 𝑉𝑉𝑅𝑅 =  �𝑉𝑉𝐿𝐿2 +  𝑉𝑉𝑃𝑃2 + 2𝑉𝑉𝐿𝐿𝑉𝑉𝑃𝑃 cos 𝜃𝜃  (1) 
 
Similarly, the direction of a tine’s velocity at any point on its path with angular position θ is the direction of resultant 
velocity vector VR. If α is the directional angle formed by VR vector with respect to the longitudinal direction of travel, it 
can be calculated using: 
 𝛼𝛼 =  tan−1 �
𝑉𝑉𝑃𝑃 sin𝜃𝜃
𝑉𝑉𝐿𝐿 + 𝑉𝑉𝑃𝑃 cos 𝜃𝜃
� (2) 
 
Using the relationship λ  = VP /VL, equations (1) and (2) can be rewritten as equations (3) and (4) respectively given 
below: 
 𝑉𝑉𝑅𝑅 =  ��1 +  𝜆𝜆2 + 2𝜆𝜆 cos 𝜃𝜃 �𝑉𝑉𝐿𝐿 
        
(4) 
 
 𝛼𝛼 =  tan−1 �
𝜆𝜆 sin 𝜃𝜃
1 + 𝜆𝜆 cos 𝜃𝜃
�         (5) 
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Figure 2. Kinematics and forces associated with a tine at different points (P1 to P4) in one revolution. The rotating tine 
mechanism travels longitudinally along the x-axis. VR is the resultant tine velocity due to longitudinal and peripheral velocities 
VL and VP respectively. Fsoil represents soil reaction force acting opposite the direction of velocity vector VR. FL represent 
longitudinal force, which is the horizontal component of Fsoil  along x-axis. FT is the tangential force acting along the tangent of 
the circle representing tine revolution around the mechanism’s center. 
 
The soil reaction force acting on a tine at any point on its path is denoted by Fsoil.  The draft force on the rotating 
tine mechanism will act opposite to its travelling direction. If the mechanism only has a single tine, the draft force will be 
equal to component of Fsoil along the longitudinal travel direction (Fig. 2). The longitudinal force component of Fsoil   for a 
tine at some point on its path is represented by FL and can be expressed as follows: 
 𝐹𝐹𝐿𝐿 =  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 cos𝛼𝛼 (6) 
 
R is radius of the circle and represents the distance between center of the rotating tine mechanism and position of 
a tine in the mechanism. The torque on the rotating tine mechanism with a single tine will be equal to the torque acting on 
the tine as it revolves in the soil. The torque on the tine can be expressed as FT × R, where FT represents the component of 
the soil reaction force acting along tangent to the circle of revolution and R is the distance between center of the rotating 
tine mechanism and position of the tine in the mechanism (Fig. 2). The direction of FT will be opposite to the direction of 
peripheral velocity vector VP  (Fig. 2). The magnitude of FT can be calculated as component of Fsoil along the tangential 
direction. The angle between the force vectors Fsoil and FT is denoted by 𝛽𝛽. The geometry shows that 𝛽𝛽 can be replaced by 
absolute difference between 𝜃𝜃 and 𝛼𝛼 (i. e. |𝜃𝜃 − 𝛼𝛼|). Therefore, the tangential force component of the soil force on a tine at 
any position can be given by: 
 
 𝐹𝐹𝑇𝑇 =  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 cos(|𝜃𝜃 − 𝛼𝛼|) (7) 
   
Since soil reaction force is the summation of shearing, inertial and soil-to-tool forces, Fsoil can be broken into its 
components and expressed as: 
 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐹𝐹𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 + 𝐹𝐹𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒𝑠𝑠  (8) 
where Fshearing and Finertial  are shearing and inertial force components of soil reaction force respectively.   Because soil-to-
tool friction force is typically small compared to shearing and inertial forces, it was assumed negligible.  
Analytical force prediction models have been developed for narrow tines, which show how the two shearing and 
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inertial forces relate to soil properties and conditions, tine geometry and tine operating conditions. According to these 
models, approximation of the shearing force depends exclusively on soil strength and properties, soil working depth, and 
tine width (Hettiaratchi et al., 1966; McKyes & Ali, 1977; Perumpral et al., 1983; Wheeler & Godwin, 1996). The inertial 
force, on the contrary, is a function of tine velocity in addition to soil and tine parameters (Upadhyaya et al., 1984; Mckyes, 
1985; Swick & Perumpral, 1988; Wheeler & Godwin, 1996). To separately analyze the effect of soil, tine and operating 
conditions on soil reaction forces, equation (8) can be replaced by equation (9) using constant terms KS and  KI. The 
expression in equation (9) has a form similar to dynamical force predicting models developed by several researchers 
(Upadhyaya, 1984; Mckyes, 1985; Wheeler and Godwin, 1996) for a tool with significant speed effects.   
 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐾𝐾𝑠𝑠 + 𝐾𝐾𝐼𝐼 ×  𝑉𝑉𝑅𝑅
2 (9) 
where coefficient KS captures the effects of soil and tine properties that are associated with the shearing force, while  KI 
accounts for the properties associated with the inertial force. Substituting the expression for Fsoil (equation (9)) in equations 
(6) and (7), and expanding the subsequent equations further results in the following two equations for longitudinal and 
tangential forces respectively.   
 𝐹𝐹𝐿𝐿 =  (𝐾𝐾𝑆𝑆) cos𝛼𝛼 + �𝐾𝐾𝐼𝐼 ×  𝑉𝑉𝑅𝑅2� cos𝛼𝛼 (10) 
 
Tine kinematic effects on longitudinal and tangential forces 
Since angular position 𝜃𝜃 is periodic, the size and direction of the tine velocities and forces in equation (1) to (7) 
also repeat periodically through each revolution for constant longitudinal and rotational velocities. Therefore, analysis of 
one revolution is sufficient to examine the effect of tine kinematics on the forces because the effects will be repeated in 
subsequent revolutions. The speed ratios (λ) of 1, 1.5 and 2 are considered for discussion in the paper. Speed ratios of 1 and 
greater are advantageous for mechanical weeding. At λ of 1, a tine comes to a stop and the soil reaction force on goes to zero 
at the left-most point in its trajectory. For λ greater than 1, the tine trajectory has loops with negative soil reaction force 
around this same point in the trajectory. Thus, speed ratios greater than 1 can facilitate weeding through more soil disturbance 
in this part of the trajectory.  Additionally, because of the direction of the reaction force, total draft force will be lower while 
the torque increases. 
The kinematic model as used to analyze the magnitude and angle of the resultant tine velocity, VR, as a function of 
angular position (𝜃𝜃) for longitudinal velocity VL of 0.5 m/s at three test speed ratios (Figure 2). For all three speed ratios, 
the resultant tine velocity magnitude was highest at 𝜃𝜃 = 0o. At this point, VP and VL, are in the same direction, and therefore, 
the resultant velocity magnitude will be the simple sum of two component velocity magnitudes. The magnitude decreases 
to a minimum at 𝜃𝜃 = 180o where for λ of 1, the tine had a resultant zero velocity because the component velocities equal and 
opposite. The profiles of the resultant velocities at three speed ratios was be similar for different longitudinal velocities; 
however, their magnitude varied across 𝜃𝜃 and were proportional to the longitudinal velocity.    
The angle of the resultant velocity, 𝛼𝛼, was similar for λ = 1.5 and 2 (Fig. 2 (b)). For λ = 1,  𝛼𝛼 gradually reached 90o 
at 𝜃𝜃 of 180o, where the tine was virtually stationary. At this point, the tine resultant velocity vector is pointed to the left 
(along the positive y-axis in Figure 2). However, as soon as 𝜃𝜃 increased beyond 180o, it instantaneously changed direction 
to the right (𝛼𝛼 = 270o). Since 𝛼𝛼 is independent of longitudinal velocity (equation (5)), the values of 𝛼𝛼 across 𝜃𝜃 will be same 
for any speed ratio irrespective of the longitudinal velocity.  
 𝐹𝐹𝑇𝑇 =  (𝐾𝐾𝑆𝑆) cos(|𝜃𝜃 − 𝛼𝛼|) +  �𝐾𝐾𝐼𝐼 × 𝑉𝑉𝑅𝑅2� cos(|𝜃𝜃 − 𝛼𝛼|) (11)  
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The contribution of the shearing force and inertial force components on longitudinal force (FL) and tangential forces 
(FT) were studied separately to understand how tine velocity affect the two forces. The analysis was performed by evaluating 
equation (10) and (11) at different angular position 𝜃𝜃 of a tine and assuming coefficients KS and  KI  to both be one.  
For λ of 1, the longitudinal force component due to shearing gradually decreased to zero at 𝜃𝜃 of 180o and increased 
when the tine position was 𝜃𝜃= 0o (Fig.4 (a)).  Similar trends can be observed for λ of 1.5 and 2; however, the shearing force 
components become negative at different 𝜃𝜃 values in an interval which corresponds to the interval between point P2 and P4 
of circle in Fig. 2. The negative force implies the direction of force on the tine will be same as that of the longitudinal 
velocity of the vehicle. Similar trends in magnitude of the force across the angular position 𝜃𝜃  was observed for inertial 
component of the longitudinal force (Fig.4 (b)). However, the inertial force magnitude was affected by resultant velocity, 
which was also varying across different values of 𝜃𝜃 (Fig. 3 (a)).  
 
Similar analysis was performed for the tangential force at λ of 1, 1.5 and 2. The force component due to shearing 
(Fig. 5 (a)) decreases to zero at 𝜃𝜃 of 180o for λ of 1. However, the shearing force components remain relatively high for λ of 
1.5 and 2 throughout a revolution. The inertial force components decrease for 𝜃𝜃 values that are close to 180o, while the 
components increase for 𝜃𝜃 values that are close to 0o. Unlike longitudinal force, the tangential force will not have negative 
force components for speed ratios greater than 1. Therefore, the tangential forces for these cases will be greater than zero.  
Figure 3. Resultant tine velocity magnitude (a) and angle (b) through one revolution at speed ratios 1, 1.5 and 2 for longitudinal velocity of 
0.5 m/s. The profiles of resultant velocity magnitude will be similar for different longitudinal velocities but with different values. The 
profiles of the directional angle will be same for any longitudinal velocity with same speed ratio. 
Figure 4. The longitudinal force component due to shearing (a) and inertia (b) on a tine as function of rotational angle (𝜽𝜽) across three speed 
ratios. 
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Determination of coefficients Ks and KI 
The similarity of equations (10) and (11) with dynamical force predicting models suggests shearing force coefficient (KS) 
and inertial force coefficient (KI) will exclusively depend on soil properties and conditions, tine geometry and operating 
conditions. One implication of this is, if soil properties, tine geometry and tine operating parameters are known, it is possible 
to estimate KS and KI and evaluate longitudinal and tangential forces on a tine based on equations (10) and (11). However, 
most of the dynamical models developed for narrow tools assume the tool travels along a straight line. Moreover, the models 
are based on underlying patterns of soil failure (or disturbance) and uniformity of soil mechanical properties (Shen and 
Kushwaha, 1998). On contrary, the revolving tine of the mechanism could loop and thus, move in the soil that was previously 
disturbed by the tine. This could affect soil failure and behavioral properties for different operating conditions of the rotating 
tine mechanism, thus influencing the coefficients. 
Methods and Materials 
Soil bin experiments 
An experiment was conducted in an artificial soil in a linear soil bin that was approximately 3000 mm long by 320 
mm wide by 380 mm deep (Fig. 6). The artificial soil was composed of sand, clay, and mineral oil with a cohesion of 10 kPa 
and an internal friction angle of 33° as measured in a direct shear test (ASTM D3080, 2011). Before each experimental trial, 
the artificial soil was processed to achieve uniform conditions across the trials. The soil was first tilled with a rake to a depth 
of 100 mm. The soil was then bladed to achieve a uniform soil level. After leveling, the soil was compacted using a 254 mm 
diameter rolling cylinder with added static weight to adjust the compaction force on the soil. The compaction process took 
place in three steps. Each step consisted three roller passes, where each roller pass represented forward and backward motion 
of the roller along the soil bin. In the first step, the soil was compacted with three roller passes without any weights. This 
Figure 5. The tangential force component due to shearing (a) and inertia (b) on a tine  as function of rotational angle (𝜽𝜽) across three speed 
ratios. 
 
ASABE 2020 Annual International Meeting Page 8 
was followed by three roller passes with added weight of a 4.5 kg. In the third step, the soil was compacted using 11.3 kg of 
weight in three roller passes. 
 
Experimental apparatus  
The experiments were conducted using a rotating tine mechanism (Fig. 1(a)). Cylindrical tines, 6.35 mm in diameter 
were used in the experiments. The mechanism was rotated using a DC motor (Ampflow F30-150, Powerhouse Engineering 
Inc., Belmont, CA). A 20:1 inline gearbox (AE090, Apex Dynamics, Ronkonkoma, NY) was mounted between the DC 
motor and the rotating tine mechanism to increase torque capacity of the system and overcome possible large resistive torque 
from the soil when the mechanism is spinning. The mechanism was rotated at desired rotational speeds by controlling the 
DC motor using a PID controller. A rotary torque transducer with an integrated rotary encoder (torque rated capacity of 100 
N-m, model T4, Interface Inc., Scottsdale, AZ) was used to measure torque and rotational speed of the mechanism. The 
rotating tine mechanism, DC motor, gearbox, torque transducer and other additional parts were assembled and were mounted 
to a structure fabricated from extruded aluminum members (Fig 7). The framework was mounted to the tool carriage on the 
soil bin that was moved longitudinally with a belt winch attached to a gear motor (BLS6400-GFS, Oriental Motor Co., LTD., 
Japan). Three three-axis force transducers (TR3D-A, Michigan Scientific Corp., Charlevoix, MI) on the tool carriage system 
were used for measuring soil reaction forces on the tine mechanism as it was moved through the soil. The data was acquired 
with a data logger (DEWE-43A, DEWESoft, Slovenia) and samples of each channel were acquired at a 100 Hz sampling 
frequency.  
Experimental Design 
A Completely Randomized Design (CRD) of experiments was used for the test. The working soil depth in the 
experiment was 70 mm. The rotating tine mechanism was operated at three longitudinal velocities and speed ratios. The 
three levels of longitudinal velocity were 0.09 m/s, 0.29 m/s, and 0.5 m/s. Similarly, three levels speed ratios were 1, 1.5 and 
2. The rotating tine mechanism had to be rotated in nine different speeds ranging from 14 to 149 rev/min (1.47 to 15.6 rad/s) 
to achieve the three speed ratios at different levels of longitudinal velocity.  
The combination of three levels of longitudinal velocity and speed ratio resulted in nine treatment levels. Each 
treatment was replicated three times and thus, a total of 27 (9 X 3) experiment trials were conducted.  
Data Analysis 
The torque and longitudinal force measurements used for data analysis tended to have a sinusoidal appearance (Fig. 
8). The analysis was conducted only along the steady state section of the measured values. The torque was converted to 
tangential force by dividing torque values with R, where R was equal to 0.0635 m. The modeled longitudinal and tangential 
forces developed for single tine, shown in equations (10) and (11), were then fit to the measured longitudinal and tangential 
Figure 6. Soil bin with aluminum framework supporting assembly of components attached to the rotating tine mechanism. The tool 
carriage system consists of load-cell instrumented plate to which the rotating tine structure was attached. Both the rotating tine 
mechanism and tool-carriage system can move longitudinally across the soil bin using electric motor drive system. 
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force measurements using nonlinear least-squares method (lsqnonlin) in MATLAB (The MathWorks Inc, MA). Initial points 
of the measured data were manually selected to match the phase shift of the models. The nonlinear least-squares method 
computed the coefficients Ks and KI by solving an expression of the form: 
 
where FL_measured  is measured longitudinal force, FT_measured  is measured tangential force, and FL and FT  are the modeled 
forces. The minimization (equation (12)) was performed across 𝜃𝜃 corresponding to intervals with data from at least two 
revolutions of the mechanism. The coefficients Ks and KI were estimated for all trials of the experiment with a single tine. 
ANOVA was conducted to compare Ks and KI across the nine treatment levels using speed ratio and longitudinal velocity as 
factors.  
Results and Discussion 
The profiles of the two measured forces were consistent with the profiles predicted by the model. Specifically, for 
λ of 1, the experimental results showed the lowest magnitude of longitudinal and tangential forces were zero at 𝜃𝜃 = 180o, 
which matched the prediction based on the model (Fig. 7 (top row)). The experimental results for longitudinal and tangential 
forces also matched the model for λ of 1.5 and 2. For instance, similar to the model, the experimental results for λ of 1.5 and 
2 showed the magnitude of longitudinal force on the tine was negative near 𝜃𝜃 = 180o , and the magnitude of tangential forces 
were greater than zero throughout the tine’s revolution (Fig. 7 (middle row) and (bottom row)). 
The ANOVA showed longitudinal velocity, speed ratio and their interaction had significant effects on Ks and KI 
across the nine treatments at 5% significance level. The mean and standard deviation of the coefficients for the treatments 
are shown in Table 1. Tukey’s HSD test at 5% significance level was used to determine treatment mean groupings (Table 
1).  
The mean values of Ks  were higher at the speed ratio of 1 for all three levels of longitudinal velocity. The means 
of Ks at speed ratio 1 for longitudinal velocities 0.09, 0.29 and 0.5 were 31.3 N, 34.6 N and 37.5 N respectively and were all 
placed in the same group (b) based on Tukey’s HSD. At speed ratios 1.5 and 2, the mean values of Ks were place in the same 
group for all three longitudinal velocities. Similarly, the means of KI were higher for longitudinal velocity of 0.09 m/s at 
528 N.s2/m2 and 389 N.s2/m2 for speed ratios 1.5 and 2 respectively. All other KI estimates were placed in the same Tukey 
group.  
KS and KI Coefficients Discussion  
  The differences in the coefficients could be attributed to different trajectories, patterns of soil disturbance and soil 
behavior resulting from different longitudinal velocities and speed ratios associated with the treatments. In the experiment, 
the tine moved in three distinct trajectories depending on the speed ratios. Moreover, the trajectories at speed ratios 1.5 and 
2 consisted of loops, with speed ratio 2 having a larger loop, while the trajectory at a speed ratio of 1 did not create any loop. 
The soil disturbance around the trajectories were found to vary (Fig. 8) across different treatments with tine speed affecting 
the shape of the soil disturbance. The disturbances were found to occur only on the right side of the curvature of tine 
trajectory for longitudinal velocities 0.29 m/s and 0.5 m/s, while a narrow soil disturbance occurred on both sides of the 
trajectory for a longitudinal velocity of 0.09 m/s. The variations in failure patterns were also observed for different curvatures 
of tine path for longitudinal velocities 0.29 m/s and 0.5 m/s. For each of these velocities, the width of soil disturbance was 
found to increase with increasing curvature of the trajectory. 
The trajectories and widths of soil disturbance can impact shearing and inertial force on a tine. A soil disturbance 
created by a tine moving along a curved trajectory could partially or completely intersect with soil disturbance previously 
created by the tine along its trajectory. The extent of intersection can influence magnitude of forces required to shear the soil 
or accelerate soil particles by changing properties or behavior of the soil interacting with the tine.  
In the experiment, the soil failures intersected substantially for speed ratios 1.5 and 2 in the loops formed by the 
tine along its trajectory. In the loops, lower shearing force may be required to cut smaller portion of the soil which has been 
disturbed. Therefore, the coefficient, Ks,  associated with shearing force were relatively smaller for speed ratios 1.5 and 2 
(Table 1) than for speed ratio 1, which did not create any loop. The change in soil behavior due to soil disturbance also 
influences inertial force, however, the force is also dependent on velocity of the tine along its trajectory. Therefore, KI for 
the treatments (Table 1) account for the inertial forces based on tine velocity and soil properties the tine encountered in a 
revolution. 
 
 𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑆𝑆, 𝐾𝐾𝐼𝐼
 ���𝐹𝐹𝐿𝐿_𝑚𝑚𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎 −  𝐹𝐹𝐿𝐿��2
2  ;  ��𝐹𝐹𝑇𝑇_𝑚𝑚𝑒𝑒𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎 −  𝐹𝐹𝑇𝑇��2
2� (12)  
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Figure 7. Comparison between the measured and modeled longitudinal and tangential forces for longitudinal velocity of 0.09 m/s and 
speed ratios of 1 (top row), 1.5 (middle row) and 2 (bottom row).  
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Table 1. Mean, standard deviation (sd) and groupings based on Tukey's HSD test for nine treatments 
Longitudinal 
velocity 
SpeedRatio 
(λ) 
KS (N) KI (N.s2/m2) 
mean sd Groupings mean sd Groupings 
0.09  
1 31.3 1.98 b 77.7 85.5 a 
1.5 6.32 0.50 a 528 17.4 c 
2 4.96 2.04 a 389 44.6 b 
0.29 
1 34.6 0.91 b 16.6 5.70 a 
1.5 8.93 0.82 a 75.6 2.02 a 
2 6.02 1.30 a 57.9 2.59 a 
0.5  
1 37.5 4.43 b 21.2 4.89 a 
1.5 5.26 2.59 a 42.8 6.93 a 
2 2.96 2.96 a 23.2 4.37 a 
 
Conclusions 
From this research, we can conclude: 
1. The shearing and inertial coefficients, which capture magnitude of forces resulting from soil-tine interactions varied 
among different treatments due to difference in patterns of soil failure. 
2. Longitudinal and tangential forces estimated using the model matched patterns of the respective forces measured 
for two tines at different experimental treatments. However, magnitudes of the estimated forces were higher than 
measured forces because the models did not account for the soil failure. 
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(a) (b) (c) 
(d) (e) 
(f) (g) 
Figure 8. Soil disturbances caused by single tine moving in artificial soil for different treatments. (Top row) Soil disturbances for  λ = 1 
and (a)  VL = 0.09 m/s, (b)  VL = 0.29 m/s, (c) and VL = 0.5 m/s. (Middle row) Soil disturbance for  λ = 1.5 and (d)  VL = 0.09 m/s and (e)  VL 
= 0.5 m/s. (Bottom row) Soil disturbance for  λ = 2 and (f)  VL = 0.09 m/s and (g)  VL = 0.5 m/s.   
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Figure 8. Soil disturbances caused by single tine moving in artificial soil for different treatments. (Top row) Soil disturbances for  λ = 1 
and (a)  VL = 0.09 m/s, (b)  VL = 0.29 m/s, (c) and VL = 0.5 m/s. (Middle row) Soil disturbance for  λ = 1.5 and (d)  VL = 0.09 m/s and (e)  VL 
= 0.5 m/s. (Bottom row) Soil disturbance for  λ = 2 and (f)  VL = 0.09 m/s and (g)  VL = 0.5 m/s.   
